We report on the application of well-balanced Ross-filter systems for the diagnostics of x-ray emission from a Z-pinch plasma. The composition and thicknesses of the filter layers were so selected to yield the intensities of neon H-and He-like emission lines separately with relatively good accuracy. The systems provide convenient absolute and time-dependent measurements of the emission intensities, and they are particularly useful for relatively low source-light intensities. The applicability of the systems is examined with the aid of time-dependent modeling of the stagnating plasma, using collisional-radiative and radiation transport calculations. The data and modeling are used to yield information on time evolution of the plasma density and temperature at stagnation.
I. INTRODUCTION
X-ray emission is widely used in the diagnostics of hot plasmas, both in laboratory and in astrophysics. In this article, we report on the investigation of a Z-pinch plasma stagnating on axis by the use of Ross ͑or balanced͒ filters 1, 2 for x-ray filtration. Coupling these filters to semiconductor detectors that are sufficiently fast provides rather convenient absolute emission-intensity measurements that are resolved in spectrum, space, and time. Due to their high light collection efficiency relative to crystal spectroscopy systems, such devices can be particularly useful for relatively low light intensities.
A basic Ross-filter system consists of two filtration channels that view the same plasma volume, each including an x-ray absorbing layer followed by an identical x-ray detector. The layers of the two channels are made of elements ͑or compounds͒ of similar atomic numbers Z. The thicknesses of the layers in the two channels are adjusted to achieve almost equal transmission curves for the two channels over the entire photon energy range, except within the narrow spectral region between the layer absorption edges ͑usually L III or K edges͒. The subtraction of the transmission curves of the two channels thus gives an almost zero value in most of the photon energies except for the spectral region between these absorption edges, which constitutes the Ross-filter passband. The subtraction of the two channel-detector signals thus yields the total incident x-ray power within the Ross-filter passband.
An essential requirement for an efficient Ross filter is a satisfactory balancing of the two channels outside the passband, in order to minimize the signal due to continuum and line radiation outside the band. In this study, using detailed iterative calculations of the photon absorption in the layers, based on tables published by Henke et al., 3 the layer compositions and thicknesses were so selected to provide almost perfect balancing outside the passband and the maximum transmission inside the band. 4 Another advantage of the Ross filters here employed is the narrow passband achieved by the use of elements with successive Z numbers, due to the spectral proximity of their absorption edges. This allows for both reducing the continuum radiation and the number of lines within the passband, which improves the reliability of the interpretation of the Ross-filter signals.
The Ross-filter systems presented here are designed for the investigation of He-like and H-like neon. Lines of such charge states are used extensively in the studies of imploding plasmas. 5 The Ross filters were so designed to allow the Ne IX and Ne X line radiation to be determined separately. Measurements for a Z-pinch plasma column at stagnation and the data analysis are presented below.
II. EXPERIMENTAL SETUP
The Ross-filter systems used in the present experiment utilize four L III edges. The filters are micron and submicron layers of Ni, Cu, Zn, or Ga 2 O 3 , which were coated on a soft x-ray transparent support. The layers were produced by single, double, or triple coatings, 6 where each pair of the four layers provides a spectral passband.
The passbands used in our experiment include a band between 852.7 eV ͑Ni L III edge͒ and 932.5 eV ͑Cu L III edge͒, here denoted by Filter I. The transmission curves for each channel and the resulting transmission curve of the Ross filter are shown in Fig. 1 . The filter transmits the neon He ␣ line, the intercombination line, and the He ␣ satellites. The other band, Filter II, is between 932.5 and 1021.8 eV ͑Zn L III edge͒, transmitting the Ly ␣ and most of its satellites, as shown in Fig. 2 . The Zn L III edge lies between the 1/2-1/2 ͑1021.5 eV͒ and 1/2-3/2 ͑1021.95 eV͒ fine-structure compo-nents of the neon Ly ␣ , thus only transmitting part of the Ly ␣ , which is accounted for in the data analysis given below. The third band, Filter III, is between 1021.8 and 1116.7 eV ͑Ga L III edge͒, thus transmitting the Ly ␣ part that is not transmitted by Filter II, besides He ␤ , the He ␤ intercombination line, and the He ␤ satellites, as shown in Fig. 3 . The radiation through all filters first passes through a 7.5-m-thick Be foil.
For the signal detection, we used Quantrad x-ray diodes with a 3-mm 2 sensitive area, and with a 0.7-m-thick Si entrance window followed by a 35-m-thick Si layer, which allows for sufficiently fast response ͑the sensitivity curves of the diodes were accounted for in the data analysis given below͒.
The experiment was performed using a 1.2-s, 300-kA gas-puff Z-pinch system. Using neon as the working gas, a plasma column 14 mm in length and about 1 mm in diameter is formed at stagnation on axis, with its temperature being in the range of hundreds of electronvolts, leading to a 20-30-ns duration x-ray emission dominated by Ne IX and Ne X lines.
The Ross-filter systems were placed 88 cm from the pinch axis viewing the plasma column from the side, yielding the time-resolved intensities in the three spectral windows given above simultaneously. The axial spatial resolution was set by a collimator to be 1.6 mm and the temporal resolution was 3 ns.
III. MEASUREMENTS AND DATA ANALYSIS
In examining the Ross-filter system, it is primarily required to verify that the signals of the two channels, when operated using an identical filter, yield by their subtraction a zero signal. This examination is of special importance for fast-rising signals that require the use of identical fast elec- tronics and cable lengths. For this examination, we used a 15-m-thick Be filter covered by a 1.1-m-thick Cu foil for all four detectors ͑the Cu foil was required for avoiding the signal saturation͒. The difference of the signals of the various pair channels allowed for examining the balancing of the channels, together with assessing the signal noise level, as shown in Fig. 4 . Such measurements showed that the various channels were balanced to within 3%. Also, the absence of any signal prior to the plasma stagnation on axis demonstrates that no radiation other than the x-ray radiation at stagnation reaches the detectors.
In Fig. 5 we present examples of signals measured using Filters I and II ͑in the present article only measurements with these two filters are presented͒. It is seen that the signal of Filter I starts about 3-4 ns prior to and lasts ϳ20 ns after the signal of Filter II, indicating the longer presence of the Helike relative to the H-like ions. In the experiment, the measured total peak x-ray emission powers, from the pinch axial portion observed, ranged between 80 and 130 and 30 and 40 MW within the passbands of Filters I and II, respectively.
In interpreting the signals obtained from the Ross filters, three factors have to be accounted for: The spectral lines that lie within the filter passband; the continuum radiation within the band; and the signal resulting from the x-ray radiation outside the passband, allowed for by the imperfect balancing of the two channels. The effect of each of these factors evidently depends on the specific parameters of the plasma studied.
The assessment of the relative importance of these factors requires modeling the plasma at stagnation. Radiation from plasmas in Z pinches has been modeled, for example in, Ref. 7, where the plasma was assumed to be in collisionalradiative equilibrium. Such an assumption is expected to be satisfactory for sufficiently dense plasmas or for plasmas with properties that vary relatively slowly in time. Our calculations demonstrate that these requirements are not fulfilled for the conditions of the stagnating plasma in the present experiment. We thus used a simulation of the plasma emission that accounts for the time dependence of the plasma properties and assumes no collisional-radiative equilibrium. The simulation was carried out using the time-dependent collisional-radiative model described in detail in Ref. 8 . Briefly, the time-dependent rate equations are solved for all ions of neon assuming the plasma is a uniform column with a prescribed time-dependent electron temperature T e (t). The model also assumes a constant total mass M within the plasma column and a time-dependent plasma outer radius R͑t͒, which together fix the ion density n i (t), where the electron density n e (t) is calculated from the plasma neutrality condition.
The following atomic processes were accounted for in the rate equations: electron-impact excitation, deexcitation, and ionization; three-body, radiative and dielectronic recombination; spontaneous radiative decays; autoionization, and dielectronic capture. The elementary characteristics of the kinetic processes, which are the process cross-sections and transition probabilities, were mainly calculated with the ATOM code 9 for collisions and the RCN/RCN2/RCG HartreeFock code 10 for radiative and autoionization probabilities. Calculations were performed for various temporal functions of the electron temperature and of the plasma outer radii in the range relevant to our Z-pinch plasma. The values of the mass M, constant for each calculation, were taken between 1 and 3 g/cm, consistent with the known initial mass in the gas puff, Х18 g/cm, and the knowledge that a small fraction of the initial gas participates in the final plasma compression phase. 11 The rest of the mass in the gas puff was ignored in the present modeling. The values used for the minimal radius of the plasma column ͑peak compression͒ were between 0.3 and 1 mm, consistent with the x-ray pinhole pictures of our Z-pinch plasma. 12 Since the x-ray emission within the filter bands originates primarily from the highest-charge ions, the collisionalradiative modeling was done with the emphasis on a detailed description of the Li-, He-, and H-like ions of neon. The number of states ͑mostly atomic terms͒ in these ions, including the autoionizing levels, was about 40, 45, and 15, respectively. Since the nϭ2 to nϭ1 transitions provide most of the emission within the filter passbands, the 1s2 p 3 P term in Ne IX and the nϭ2 state in Ne X were split into the finestructure components ͑2s 1/2 , 2p 1/2 , and 2p 3/2 for the latter͒, to achieve the most accurate simulation of the K-shell emission. This is especially important for the Ly ␣ emission since in our experiment, as stated above, its 1/2 and 3/2 components were recorded by different filters. The emission of the satellites to the He ␣ and Ly ␣ resonance lines, due to the dielectronic and inner-shell excitation processes, has also been modeled in detail, with proper account of all coupling channels between them and other levels.
The optical thickness for the line transitions in the stagnating plasma was calculated in the present simulations, assuming the line shapes are Doppler dominated and the ion temperature is equal to T e (t). These assumptions yield optical depth values of 15-30 for the H-and He-like-ion resonance lines emitted radially out of our plasma column ͑it is estimated that in reality, the optical thickness values can be up to three times lower due to possible larger contribution of the Doppler broadening to the linewidths͒. The effect of the optical thickness on the level populations was taken into account in the escape factor approximation. Such calculated populations were then used to solve the radiation transfer equation and to synthesize the plasma emission spectrum within the filter bands.
IV. RESULTS AND DISCUSSIONS
Using this modeling, we calculated the intensities of lines within the passbands of all filters, including the intercombination and satellite lines. The continuum radiation ͑free-free and free-bound͒ was also calculated for various plasma densities and temperatures within the relevant range of our plasma parameters, and found to contribute about 2% to the total light intensities within the passbands of the filters used. We thus used the modeling described above to fit the intensity of the line radiation within the passbands of all filters.
A satisfactory fit for the data obtained using this modeling is shown in Fig. 6͑a͒ , together with the experimental signals of Filters I and II ͑given in Fig. 5͒ , zoomed at the time of peak emission. Based on this rather satisfactory fit for the two-filter data, it is seen that within the assumptions of this modeling, these data allowed for obtaining information on the peak electron temperature, about 280 eV, and the electron density, about 6ϫ10
19 cm Ϫ3 ͑i.e., an ionic density of about 6ϫ10 18 cm Ϫ3 ), in the presently studied Z-pinch column. An apparently less satisfactory agreement of the modeling results with the Filter I data may result from plasma nonuniformity, which is not accounted for in our modeling. Note that the measurement of the absolute Ne IX and Ne X line intensities was essential in obtaining bounds on the total plasma mass M ͑and the ion density͒ in the plasma column, which in turn affects the opacity effects in the plasma and the ionization rates ͑through the value of the electron density͒.
It is noteworthy that found in our modeling is that most of the satellite lines within the filter passband result from dielectronic recombination of H-like and He-like ions ͑rather than inner-shell excitations of He-like and Li-like ions, respectively͒. Thus, the line intensities recorded by Filters I and II are proportional to the total abundances of the He-and H-like ions, respectively. This allows direct information on the densities of Ne IX and Ne X to be obtained from the signals of the Ross filters here used. The densities of Ne VIII to Ne XI predicted by the modeling described in Fig. 6 are shown in Fig. 7 .
As stated above, there is a need to estimate the measurement error resulting from the detection of the radiation outside the passbands, due to the incomplete balancing of the FIG. 6 . ͑a͒ Total radiation power within the pass bands of Filters I and II at the time of the emission peaks. Experimental data are shown by symbols and the simulation results by solid curves, ͑b͒ The electron temperature T e (t) and outer plasma radius R(t) used in the simulations given in ͑a͒. Here, the mass density was assumed to be 1.5 g/cm, and the resulting electron density n e (t) is given in the figure.   FIG. 7 . Absolute densities of the high-charge states of neon ͑Ne VIII to Ne XI͒ and the total ion density for the plasma parameters of Fig. 6 . channels. To this end, we used the modeling described above to calculate the spectra over the entire energy range of the photons detectable by the p-i-n detectors and used the transmission curves of the two channels to compute the signal resulting from the radiation outside the Ross-filter passband. Evidently, the relative error depends on the plasma parameters. An example of an error calculation is given in Fig. 8 for plasma parameters typical to our experiment. It is seen that the relative error in Filter II may rise to 20%, for temperatures below 150 eV for which the Ne X abundance is low, because of the relatively small contribution of the Ne X emission within the bandpass of the filter. The negative sign of the error is due to a negative transmission of Filter II around the emission energies of Ne IX, which is the dominating charge state for such a low temperature ͑the error is much smaller for higher T e , where the abundance of Ne X is high͒. The positive sign of the error in Filter I is due to the positive transmission of the tail of this filter at high photon energies, resulting from the continuum radiation contribution at high temperatures. Using such calculations, it was found that for n e ϳ10
19

Ϫ10
20 cm Ϫ3 and T e ϭ130-700 eV the error due to the incomplete channel balancing for our Ross filters ranges between 3% and 20% ͑usually smaller than 20%͒.
In summary, it was demonstrated that Ross-filter systems can serve as a convenient tool for obtaining rather accurate time-dependent and absolute measurements of x-ray emission from hot plasmas. Measurements of Ne IX and Ne X line radiation using such systems, together with timedependent collisional-radiative and radiation-transport modeling, allowed for studying the properties of the stagnating plasma in a gas-puff Z-pinch experiment operating with a current at the 300-kA level. Further information on such a plasma can be obtained by combining the Ross-filter measurements with data obtained from additional spectroscopic x-ray diagnostics.
